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Introduction
The high hardness, chemical stability and high melting temperature of titanium diboride (TiB2) have attracted a growing interest of this material for protective and wear resistant coatings [1] [2] [3] [4] [5] . TiB2 crystallizes in the hexagonal AlB2 structure with close-packed Ti layers alternated with graphite-like B layers. The refractory properties of this material are attributed to strong covalent bonds between the B atoms within the layer as well as bonds of covalent and ionic nature between the metal and B layers [6] .
There are numerous studies of magnetron sputtered TiB2 coatings in the literature [1] [2] [3] [7] [8] [9] [10] [11] [12] . Previous depositions are almost exclusively performed using TiB2 compound targets and often results in overstoichiometric coatings, i.e., B/Ti > 2 [1, 3, 7, 10, 11] . The excess B segregates to grain boundaries forming an amorphous tissue phase [7, 13] . Coating microstructure and hence properties are heavily influenced by the sputtering parameters and superhardness (H > 40 GPa) is reported for coatings exhibiting nanocolumnar TiB2 grains with a 001 orientation [1, 2, 7] . The nanocolumnar structure limits the nucleation and slip of dislocations while the tissue phase hinders grain boundary sliding. The high hardness is a result of the combination of these effects [7] . Many studies are therefore devoted to investigate the influence of different sputtering parameters, such as substrate temperature and bias, on the resulting microstructure [1, 2, 9, 10, 12] .
In high power impulse magnetron sputtering (HiPIMS) short high power pulses are applied to the target. A low duty cycle of the pulses is used to maintain an average power in the same order of magnitude as for conventional dc magnetron sputtering but the peak power is two orders of magnitude higher. This results in a high plasma density and a much larger fraction of ionized species for the HiPIMS process in comparison to dc magnetron sputtering [14, 15] . The energy available during coating growth can be enhanced by ion bombardment. The flux, nature, and energy of the bombarding ions will influence the microstructure [16, 17] . Hence, the high fluxes of ionized species available in the HiPIMS discharge add an extra dimension to control the coating microstructure. The only study, to our knowledge, utilizing the HiPIMS technique in the deposition of TiB2 coatings is a recent report by Zhang et al. [3] . One set of HiPIMS discharge parameters was used to investigate the substrate bias and temperature effect on the coating microstructure and mechanical properties. They see a strong dependency on texture with applied bias in accordance with previous studies on the influence of bias for magnetrons sputtered TiB2 coatings [2, 10] . However, the influence of different HiPIMS sputtering parameters, such as pulse frequency, is not investigated.
A higher peak current results in a higher fraction of ionized sputtered species [17, 18] . The peak current may be increased by keeping the average power and pulse length constant while reducing the pulse frequency. It is thereby possible to control the flux of ionized species reaching the substrate by varying the frequency. The effect of HiPIMS pulse frequency on coating properties for the sputtering of ZrB2 coatings has been reported by Samuelsson et al. [19] . The authors observed a change in residual stress from tensile to compressive and reduction in size of 001 textured ZrB2 grains when the frequency is decreased from 900 Hz to 300 Hz (i.e., ion density flux towards the substrate is increased). Furthermore, a denser morphology is observed for coatings deposited by HiPIMS, especially at lower frequencies, in comparison to a ZrB2 coating deposited by dc magnetron sputtering.
The aim with this study is to investigate the ion-flux effect on the resulting microstructure and mechanical properties of TiB2 coatings deposited by HiPIMS. A variation in the degree of ionized species is achieved by changing the pulse frequency. The HiPIMS sputtered TiB2 coatings will be compared to coatings deposited using conventional dc magnetron sputtering.
In addition, to study the effect of ion energy, two different biasing modes are used in the coating depositions.
Experimental
The TiB2 coatings were synthesized in a high vacuum CC800/9 CemeCon AG deposition system by sputtering from an 8.8 x 50 cm 2 compound TiB2 target supplied by CemeCon AG. Prior to deposition the chamber was degassed by applying a power of 8.8 kW to each of two resistive heaters for 30 min. Thereafter the power was reduced to 8.0 kW for 60 min resulting in a substrate temperature of approximately 500 °C and a base pressure of ≤ 1.0 mPa. The heating power was kept at 8.0 kW throughout the deposition. 10 x 10 mm 2 Al2O3(001) and 10 x 10 mm 2 Si(001) substrates were mounted by clips along a line in parallel with the long side of the target and facing the target surface at a target-to-substrate distance of 60 mm. The Al2O3 substrates were primarily chosen for nanoindentation measurements since their high hardness and elastic modulus matches the mechanical properties of TiB2 while Si substrates were chosen for electron microscopy studies. An Ar process pressure of 0.4 Pa was used for all depositions. The TiB2 cathode was operated in HiPIMS mode applying an average power of 2 kW and a pulse length of 200 μs. Two series of coatings were deposited using four different frequencies: 200 Hz, 300 Hz, 500 Hz, and 1000 Hz. Two different modes of bias were used; floating or pulsed bias. In the pulsed mode -60 V was applied synchronous with the 200 μs HiPIMS pulse and with floating potential between the pulses. For comparison, TiB2 coatings were also deposited using dc magnetron sputtering at a power of 2 kW, 0.4 Pa Ar process pressure, the same substrate temperature, and with both -60 V and floating bias.
X-ray diffraction (XRD) θ-2θ measurements were performed using a PANalytical Empyrean diffractometer with Cu Kα radiation in parallel beam geometry. The coating densities were obtained from simulated X-ray reflectometry (XRR) data fitted to measured XRR data using X'Pert Reflectivity v. 1.3 software from PANalytical. A Philips X'pert diffractometer with Cu Kα radiation in parallel beam geometry was used for the XRR measurements.
Elemental composition and chemical bonding state of the coatings were acquired using a Kratos Analytical instrument AXIS Ultra DLD X-ray photoelectron spectroscopy (XPS) system with monochromatic Al Kα radiation. Prior to analysis surface contamination was removed through 120 s sputter-etch using 500 eV Ar + ions over an area of 3 x 3 mm 2 . The XPS binding energy scale was calibrated against the Fermi-edge (Ef) of each sample, which was set to a binding energy of 0.0 eV. The pure B reference sample (99.6%) was provided by Goodfellow Cambridge Ltd. The XRD, XRR, and XPS analysis were carried out on coatings deposited on Al2O3(001) substrates.
A Zeiss LEO 1550 scanning electron microscopy (SEM) was used to determine coating thicknesses from cross-sectional samples of coatings deposited on the Si substrates. Crosssection samples for transmission electron microscopy (TEM) investigations were prepared by traditional methods including cutting, gluing and polishing followed by Ar + ion milling at 5 keV and 5 ° angle from both sides in a Gatan precision ion polishing system (PIPS). A final low energy milling step was applied at 2 keV in order to minimize the surface damage. The plan-view TEM samples were prepared by cutting 3 mm discs with an ultrasonic disc-cutter, followed by mechanical polishing and ion milling from the substrate side in line with the cross-sectional samples. TEM and scanning TEM high angle annular dark field (STEM-HAADF) imaging was performed in the double-corrected Linköping FEI Titan 3 60-300, operated at 300 kV. Electron diffraction was recorded using a FEI Tecnai G2 TF 20 UT, operated at 200 kV.
Residual stress in the coatings was determined from the curvature of the Al2O3 substrates. The curvatures were obtained from XRD rocking curve measurements of the substrate Al203 (001) peak at five different spots over the substrate using a PANalytical Empyrean instrument with Cu Kα radiation and high-resolution optics. The Stoney equation was used to calculate the in-plane biaxial stress in the coating, σc, from the substrate curvature R [20] :
(1)
Where hs and hc are the thicknesses of the substrate and the coating, respectively. For an elastic isotropic substrate the biaxial elastic modulus Ms = E/ (1-ν) where E is the elastic modulus and ν is the Poisson's ratio of the substrate. The Al2O3 substrate is elastically anisotropic and the biaxial modulus, M
Al2O3
, is calculated using the stiffness matrix for Al2O3 and following the method employed by Janssen et al. for Si(001) substrates [20, 21] :
To consider the Al2O3 substrate to be elastically isotropic in the plane parallel to the film (i.e., the 001-plane), the small C14 term in the stiffness matrix had to be neglected (< 5% of the largest term, c.f. C14 = 22.9 GPa and C33 = 501.8 GPa [22] ). A biaxial modulus of Ms = 605.5 GPa, obtained from equation (2) with values for the elastic constants Cij from ref. [22] , is used in the calculations of residual stress.
Mechanical properties of the coatings deposited on the Al2O3 substrates were obtained using a CSIRO UMIS nanoindenter with a diamond Berkovich tip calibrated against a fused silica reference sample. Hardness and reduced elastic modulus were calculated from the loaddisplacement curves according to the Oliver and Pharr method [23] . About 50 indents were recorded for each sample at an increasing load from 3 to 27 mN, the highest load results in a penetration depth of about 200 nm. The elastic modulus of the coating was calculated from the reduced elastic modulus using an elastic modulus of 1141 GPa for the diamond indenter and Poisson's ratios of 0.07 and 0.12 for the indenter and the TiB2 coatings, respectively [23, 25] .
Results
The target peak current at different pulse frequencies and biasing modes is summarized in Table I . Since the average power is kept at 2 kW, the peak current (along with the pulse energy) is reduced from 520 A to 40 A as pulse frequency is increased from 200 Hz to 1000 Hz. The peak current to the substrate table is an indirect measure of the ion-flux to the substrate. A decrease from 17 A to 12 A was measured when the frequency was increased from 200 Hz to 1000 Hz in -60 V bias mode. It should be noted that the substrate table is much larger in size compared to the substrates. Therefore, the absolute values of the peak current to the substrate table are of no interest. Nevertheless, the trend shows that the ion-flux to the substrates follows the target peak current with a maximum in target peak current and substrate peak current at the lowest frequency of 200 Hz. The same trend has previously been reported for HiPIMS sputtering of Ti and ZrB2 targets [17] [18] [19] . No significant difference is observed for the variation in peak current to the substrate table with pulse frequency between the different bias modes. It should be noted that the deposition rate, a measure of the total flux of sputtered species to the substrate, decreases with the reduction in pulse frequency (see Table I ). It can thus be concluded that the ion-to-neutral ratio increases with the decrease in pulse frequency considering the simultaneous increase in ion-flux and decrease in total flux of species to the substrate with the frequency reduction. Table I . Sputtering parameters, thickness, and density of the studied coatings. The deposition rates marked with an asterix (*) is calculated from coatings deposited using the exact same sputtering process except the deposition time, which were shortened to one fifth. The chemical composition of the different coatings measured by XPS is plotted in Fig. 1 .
Only minor variations are seen in the B and Ti content with the variation in pulse frequency. The B/Ti atomic ratios are in the range 2.4 to 2.8, i.e., the coatings are overstoichiometric, which is typical for coatings deposited by magnetron sputtering from stoichiometric TiB2 targets [1, 3, 7, 11] . Neidhardt et al. have performed a comprehensive study of the various mechanisms influencing the composition of coatings deposited from a TiB2 target [11] . The different mass and scattering cross-section of B and Ti results in different angular and energetic distributions as well as gas phase scattering properties. As a consequence, the B/Ti ratio mainly depends on process pressure as well as target-to-substrate distance and angle [11] . Contaminations of oxygen, carbon, and nitrogen were detected in all coatings. Nitrogen is most probably present as a residual gas in the deposition chamber. The O and C contamination occurs most probably after air exposure considering the variation in level of contamination among the coatings with the highest O contents for the coatings of lowest density (see Table I ). Coating thicknesses determined from SEM cross-sections, calculated deposition rates and densities determined from XRR measurements are presented in Table I . The coatings deposited on Si by HiPIMS at the lower frequencies have delaminated from the substrates. These depositions were repeated using the exact same process parameters except for the deposition time, which was shortened to one fifth in order to reduce the stress accumulated in the coatings and thus improve adhesion on Si. Deposition rates calculated from these coatings are marked with an asterix in Table I . The deposition rates are 15 % (-60 V bias) and 18 % (floating bias) lower for the HiPIMS depositions at 1000 Hz compared to the dc depositions. The rates are further reduced by a factor of two with the decrease in pulse frequency from 1000 Hz to 200 Hz. The coating density increases with the decrease in pulse frequency and the highest density of 4.4 g/cm 3 is measured for the coating deposited at 200 Hz with a -60 V bias. The highest density is 97 % of the theoretical density for stoichiometric TiB2, which is 4.53 g/cm 3 . No significant difference is observed between the coatings sputtered using HiPIMS with different bias modes. The dc sputtered coating with a -60 V bias has a density in the same range as the coatings deposited using HiPIMS with the higher frequencies and the same bias mode. For the floating bias, a slightly lower density is measured for the dc sputtered coating compared to the coating deposited using HiPIMS at 1000 Hz (c.f. 4.18 g/cm 3 for 1000 Hz and 4.12 g/cm 3 for dc). Figure 2 shows XRD θ-2θ diffractograms of the coatings deposited using different pulse frequencies and bias mode. All peaks, except the substrate Al2O3 peak at 41.7°, can be assigned to the AlB2 structured TiB2 phase [26] . A strong 001 texture is evident for all samples except for the coating deposited using dc sputtering with a floating bias, where No frequency dependence is seen in the variation of 001-peak full width at half maximum (FWHM), which is between 0.39° -0.44°. The dc sputtered coating using floating bias has a broader 001-peak with a FWHM of 0.59°. Figure 3 .Left y-axis and filled symbols: variation in lattice parameter c with the HiPIMS pulse frequency for the two series of coatings. The lattice parameter is calculated from the 001 diffraction peak (see Fig. 2 ). Right y-axis and unfilled symbols: variation in biaxial in-plane residual stress, determined from the curvature of the Al2O3 substrate, with pulse frequency. The DC label on the pulse frequency axis denotes the samples deposited using regular dc magnetron sputtering.
TEM studies were carried out on two coatings, deposited using dc magnetron sputtering and HiPIMS at a frequency of 200 Hz, both at a -60 V bias. Cross-sectional TEM images of the former sample reveal a dense columnar structure, as shown in Fig. 4a and b. The TiB2 columnar grains are 5 -10 nm wide and extend throughout the coating thickness. A 001-texture, consistent with the θ-2θ XRD measurement in Fig. 2 , is seen in the electron diffraction (ED) pattern shown as an inset in Fig. 4a . A fine grained microstructure, polycrystalline according to ED measurements, is seen closest to the substrate. This structure develop in to the 001 textured columnar structure after about 200 nm. The plan-view projection in Fig. 4c corroborates a microstructure of narrow columnar grains. The lines crossing the grains indicate the presence of stacking faults (marked with arrows in Fig. 4c ). Furthermore, it seems that the grains are encapsulated by a thin (1 -2 nm) amorphous tissue phase, which is especially evident in the STEM image (Fig. 4d) where regions containing light elements appear darker. These dark regions can also be interpreted as an under-dense structure, however, according to previous studies of TiB2 coatings, a B-rich tissue phase is expected for overstoichiometric coatings [7, 13] . Consequently, the dark regions around the bright TiB2 grains are interpreted as a B-rich tissue phase. It is thus confirmed that the coatings exhibit a comparable microstructure to previously reported dc sputtered 001 textured TiB2 coatings [7] . Figure 5a and b show cross-sectional TEM images of the coating deposited using HiPIMS and a bias of -60 V. This sample exhibits a dense columnar structure as well, though, a sharp line can be seen across the sample at about 2/3 of the total thickness (highlighted with an arrow in Fig. 5a ). From high magnification images (not shown) it is determined that this line is an amorphous interlayer and only a few nanometers thick. In addition, EDX analysis shows that the interlayer contains Si, Cr, Fe, Al, and O and is deficient in Ti and B. The interlayer is most probably caused by arcing during the HiPIMS process resulting in the sputtering of contaminating species from the target vicinity. Similar interlayers, mainly containing Si and O are also seen close to the substrate. A polycrystalline fine grained structure is also seen for this coating, near the substrate as well as after the amorphous interlayer at about 2/3 of the total thickness. It extends in the growth direction to a thickness of 300 -400 nm from the substrate and to about 150 nm from the interlayer. The plan-view image in Fig. 5c resembles the structure of the dc sputtered coating with grains 5 -10 nm in diameter and with stacking faults. More notably, the amorphous tissue phase is significantly reduced in Fig. 5c such that only vague dark regions are seen between the grains in the STEM image (see Fig. 5d ), which may originate from interface strain at the grain boundaries. Nevertheless, the XPS analysis presented below indicate the existence of a B-rich tissue phase also for this coating. The XPS B1s spectra of the coatings deposited using dc sputtering and HiPIMS at a frequency of 200 Hz, both with a -60 V bias, are shown in Fig. 6 . The B1s spectra from all other samples are similar (not shown). The spectra in Fig. 6 are therefore considered representative for all coatings. The main peak at 187.9 eV is attributed to B in the TiB2 phase [27, 28] . The TEM analysis implied the existence of a B-rich tissue phase in the TiB2 grain boundaries and a contribution from B-B bonds is therefore expected in the B1s spectra. A reference spectrum for B-B bonds was obtained by measuring a pure bulk B sample. Parameters from this reference spectrum were added as a B-B contribution in the B1s spectra in Fig. 6 . The contribution from this peak, i.e., the amount of B tissue phase in the coatings, decreases slightly with the decrease in B/Ti ratio. This is obvious in Fig. 6 where the smaller contribution from B-B bonds for the coating deposited by HiPIMS at 200 Hz is explained by a lower B/Ti ratio of 2.5 for this coating compared to 2.6 for the dc sputtered coating. The smaller contribution from B-B bonds for the coating deposited by HiPIMS agrees with the thinner B-tissue phase barely seen by TEM for this coating. In addition, a third peak had to be included at 187.4 eV in order to achieve a good fit. This peak is attributed to B bonded in the TiB2 phase but situated at the interface between the grains and the B tissue phase. The positions of the B-B and B-Tiinterf. peaks in our curve fit coincide well with the residuals of a B1s single peak curve fit for an overstoichiometric TiB2 coating by Pfohl et al. [5] . The amount of B atoms bonded in the TiB2 phase is determined by comparing the areas under the peaks in Fig. 6 . By relating this number to the chemical composition of the coating, the stoichiometry of the TiB2 grains, i.e., x in TiBx, is calculated. The stoichiometry varies between 2.0 and 2.1 for all coatings, which is consistent with the Ti-B phase diagram and the narrow single-phase composition range of TiB2 [29] . In addition to the three main peaks around 188 eV there is a small peak at 192.8 eV assigned to B-O bonds in the spectrum from the coating deposited using dc magnetron sputtering and floating bias. Figure 6 . High-resolution XPS B1s spectra of the coatings deposited using dc sputtering and HiPIMS at a frequency of 200 Hz, both with a -60 V bias. The spectra have been acquired after 2 min of 500 eV Ar + ion etching. The grey circles mark the measured raw intensity, while the solid lines represent B in TiB2 (red), B-B bonds (blue), interface TiB2 (green), the Shirley background (grey), and the sum of all fitted components (black). In the curve fitting of the spectrum the bulk TiB2 and interface TiB2 peaks were confined to have the same shape and FWHM while the curve of the B-B bonds was confined to fit a pure B reference sample.
Residual stress in the coatings was calculated from the curvature of the Al2O3(001) substrates, see Fig. 3 . All coatings deposited by HiPIMS are in a compressed stress state. The magnitude of the stress increases with the decrease in pulse frequency and the highest values of -3.2 GPa (-60 V bias) and -3.8 GPa (floating bias) are measured for the coatings deposited using 300 Hz and 200 Hz, respectively. For the -60 V bias series both the dc sputtered coating and the HiPIMS sputtered coating at 1000 Hz have a stress of -0.7 GPa. A larger difference is detected in the floating bias series where the dc sputtered coating has a tensile stress of 0.6 GPa while the coating deposited using HiPIMS at 1000 Hz has a compressive stress of -1.0 GPa.
Hardness and elastic modulus, determined from nanoindentation data, are displayed versus the pulse frequency in Fig. 7 and Fig. 8, respectively . Corresponding values for the coatings deposited using dc magnetron sputtering are also included in the figures. The highest hardness for both biasing modes is achieved at the lowest frequency of 200 Hz. For the series of coatings deposited using floating bias the hardness is reduced from 49 GPa to 43 GPa with the increase in pulse frequency from 200 Hz to 1000 Hz. The same trend is observed for the series with a -60 V bias, although the hardness is slightly lower for all samples compared to the floating bias series (500 Hz is an exception but within the error limit). These values are within the typical range for nanocolumnar 001 textured TiB2 coatings, although hardness of about 60 GPa has been reported [1] [2] [3] 7] . For the elastic modulus only minor variations with the frequency are seen, considering the magnitude of the standard deviation. The elastic modulus of the coatings deposited with a -60 V bias is about 480 GPa while the series with floating bias has a slightly lower modulus of about 460 GPa. These values are consistent with previous studies of dc sputtered TiB2 coatings [1, 2] . However, our elastic modulus values are considerably higher compared to the values reported by Zhang et al. for TiB2 coatings deposited by HiPIMS [3] . It should be noted that accurate elastic modulus measurements for coatings of this thickness (1 -2 μm) require sharp indenters and this is reflected in the large error bars in Fig. 8 [24] . The dc sputtered sample with a -60 V bias has the same hardness of 42 GPa as the coating sputtered using HiPIMS with a frequency of 1000 Hz. However, the elastic modulus is slightly higher for the dc sputtered sample. The other coating deposited using dc sputtering but with a floating bias stands out from the rest of the samples with a hardness of only 36 GPa. On the other hand, the elastic modulus of 452 GPa follows the trend seen for the other coatings deposited using floating bias. Figure 7 . Variation in hardness with pulse frequency for the two series of coatings deposited using different biasing modes. The DC label on the pulse frequency axis denotes the samples deposited using regular dc magnetron sputtering. Figure 8 . Variation in elastic modulus with pulse frequency for the two series of coatings deposited using different biasing modes. The DC label on the pulse frequency axis denotes the samples deposited using regular dc magnetron sputtering.
Discussion
The total ion-flux to the substrate and hence the energy available at the coating surface for film growth varies with the pulse frequency. Nevertheless, all HiPIMS coatings, independent of frequency, form a similar microstructure consisting of stoichiometric TiB2 crystalline grains with a pronounced 001 texture encapsulated in amorphous B tissue phase. The crystal plane with the lowest surface energy in TiB2 is the (001)-plane [8] . A 001-texture is thereby expected at growth conditions were adatom mobilities are sufficient to form crystallites with a minimum in surface energy. For the coating deposited using dc sputtering and a floating bias, the 500 °C substrate temperature does not supply enough energy for a development of 001 texture (see Fig. 2 ). However, by introducing a -60 V bias to the dc sputtering process, sufficient energy is supplied for a 001 texture to develop. Such correlation between texture and bias is often reported in the literature for magnetron sputtered TiB2 coatings [2, 3, 10] . Another approach to supply energy to the growth process while keeping the ion energy at a moderate level is to increase the ion-flux to the substrate. The HiPIMS mode will drastically increase the plasma density and hence the amount of ionized species in the process. As a consequence, a 001 textured coating forms already at 1000 Hz while retaining a floating bias. The additional energy supplied to the coating surface by reducing the pulse frequency, i.e., increasing the ion-flux to the substrate, or by applying a bias, will not change the texture further since the 001 texture is thermodynamically the most favorable. It is from crosssectional TEM concluded that the coating growth initially are polycrystalline and the 001 orientation outgrows the other orientations after 200 -400 nm (see Fig. 4 and 5) . Mikula et al. report a similar trend with a gradual transition from a random to a 001 orientation with the increase in coating thickness [30] . This thickness induced preferred orientation suggest that the orientation and quality of the substrate crystal structure only has a minor or no influence on observed coating texture. Losbichler et al. and Kelesoglu et al. have investigated the separate effect of intensity and energy of ion bombardment by varying the external magnetic field and bias potential during dc magnetron sputtering of TiB2 coatings [9, 12] . Although an increased ion-flux promotes 001 texture, a much stronger dependency with the energy of the bombarding ions (i.e., applied bias), was observed. Thus, a bias was required to achieve a pronounced 001 texture, in contrast to our HiPIMS coatings. It is interesting to note that the FWHM of the 001 diffraction peaks in Fig. 2 remains at about 0.4° although the pulse frequency is varied. Samuelsson et al. observe an increase in FWHM (i.e., reduced crystallinity) with the decrease in pulse frequency for ZrB2 coatings deposited by HiPIMS without any external substrate heating [19] . They argue that a higher degree of ionized species (lower pulse frequency) introduces surface defects, which promotes renucleation and hence smaller grain sizes. In contrast to Samuelsson et al., we use external substrate heating in our study. This will probably suppress the renucleation process and thereby retain the grain size despite the increased degree of ionized species at the lower frequencies. Zhang et al. observe such trend with a smaller influence from the energy of the bombarding ions on crystalline grain size when the substrate temperature is increased for TiB2 coatings deposited by HiPIMS [3] .
Since the grains are close to stoichiometric for all coatings, the observed shifts of the 001-diffraction peaks are derived from residual stress (see Fig. 2 ). The expansion of the c-lattice constant with the decrease in pulse frequency correlates to the trend measured for the residual stress with the highest compressive stress determined for the coatings deposited at 200 Hz and 300 Hz. This correlation is evident from Fig. 3 . In the sputtering of TiB2 coatings it is generally observed that compressive stress is induced by applying a bias caused by the incorporation of Ar + ions [1, 2, 9, 10] . The high residual stress at the low pulse frequencies is explained by the increased ion-flux to the substrate at these frequencies. The small difference in thermal expansion coefficient perpendicular to the c-axis between the Al2O3 substrate (α = 7.8·10 -6 K -1 [21] ) and the TiB2 coating (α = 7.0·10 -6 K -1 [26] ) will only add a small tensile stress component of 210 MPa to the measured residual stress [31] . This in combination with a moderate ion bombardment can probably explain the tensile residual stress measured for the dc sputtered coating at floating bias.
Hardness values above 40 GPa (i.e., superhardness) are measured for all coatings except for the dc sputtered coating using floating bias. As written in the introduction, such high hardness values are typically measured for TiB2 coatings exhibiting a microstructure consisting of 001 textured columnar grains with a B tissue phase in the grain boundaries [7] . Several studies report on the importance of a strong 001 texture for a high hardness [2, 3, 12] . The relatively low hardness (36 GPa) measured for the coating deposited using dc sputtering and a floating bias is therefore explained by the absence of a strong 001 texture for this coating. The hardness increase with the reduction in pulse frequency seen in Fig. 7 is mainly attributed to the higher compressive stress measured for the coatings deposited at the lower frequencies. The stress obstruct dislocation movement resulting in harder coatings. The difference in thickness of the B-tissue phase, as seen by comparing Fig. 4d and Fig. 5d , will probably also influence hardness considering the importance of this phase for superhardness (see discussion in introduction). It should be noted that the effect of residual stress and thickness of tissue phase on hardness cannot be fully separated in this study. The higher density measured for the coatings deposited at the lower frequencies may improve the hardness (see Table I ). However, this is most likely a less pronounced effect compared to the residual stress considering the small difference in density between the coatings (see Table I ).
The formation of low stress, superhard, and (001) oriented TiB2 coatings has previously been reported for regular dc magnetron sputtered coatings [1, 32] . Two different approaches are used to achieve almost stress free coatings. Berger et al. use a positive bias, which attracts electrons to the substrate during coating growth while Kunc et al. use a combination of Ar + bombardment and substrate heating. Stress free coatings are formed at substrate temperatures above 400 °C in both studies. The high degree of ionized species available in HiPIMS enables a possibility to achieve similar superhard 001 textured coatings at low temperatures. However, this would require extensive experimenting of applied bias and ion-flux and is therefore a separate study in itself.
Conclusions
A change from a random oriented polycrystalline structure to a 001 textured nanocolumnar structure is achieved when going from regular dc sputtering to HiPIMS using floating bias. This change in preferred orientation leads to a drastic increase in hardness from 36 GPa to ≥ 42 GPa. All coatings deposited by HiPIMS have similar 001 texture, crystallinity, and stoichiometry, independent of pulse frequency and bias mode. An increased ion-flux to the substrate is seen with the decrease in pulse frequency, resulting in a higher residual in-plane biaxial compressive stress as well as denser coatings. The coating deposited by HiPIMS using floating bias and a pulse frequency of 200 Hz has the highest hardness of 49 GPa as well as the highest compressive stress of -3.8 GPa. We have shown that highly 001 textured and superhard (H = 43 ± 1 GPa) TiB2 coatings with a relatively low compressive stress of about -1 GPa can be deposited by HiPIMS at 1000 Hz using floating bias.
